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KEYWORDS Summary
ST . Expansins are cell-wall-localized proteins that induce loosening of isolated plant cell
Gene expression;

walls in vitro in a pH-dependent manner, but exhibit no detectable hydrolase or

\(;’,rap.e bLTrry; transglycosylase activity. Three putative expansin cDNAs, Vlexp1, Vlexp2, and
szr?;?sé Vlexp3 were isolated from a cDNA library made from mature berries of the Kyoho

grape. Expression profiles of the 3 genes were analyzed throughout berry
development. Accumulation of the Vlexp3 transcript was closely correlated with
berry softening, and expression of this gene was detected before véraison and
markedly increased at véraison (onset of berry softening). Expression of Vlexp3 was
berry-specific. Vlexp1 and Vlexp2 mRNA accumulation began during the expansion
stage of berry development and expression increased for both genes during ripening.
Vlexp1 and Vlexp2 mRNA was detected in leaf, tendril and flower tissues and Vlexp2
mRNA was additionally detected in root and seed tissues. These findings suggest that
the three expansin genes are associated with cell division or expansion and berry
ripening. Vlexp3, in particular, is most likely to play a role in grape berry softening at
véraison.

© 2006 Elsevier GmbH. All rights reserved.

Introduction

*Corresponding author. Fax: +81722549419 The primary cell wall of plants has been described
E-mail address: m_ishima@plant.osakafu-u.ac.jp as a network of cellulose microfibrils embedded in a
(M. Ishimaru). hemicellulosic polysaccharide matrix that interacts

0176-1617/$ - see front matter © 2006 Elsevier GmbH. All rights reserved.
doi:10.1016/j.jplph.2006.07.017


www.elsevier.de/jplph
dx.doi.org/10.1016/j.jplph.2006.07.017
mailto:m_ishima@plant.osakafu-u.ac.jp
mailto:m_ishima@plant.osakafu-u.ac.jp

1676

M. Ishimaru et al.

to some degree with an additional coextensive
matrix of pectin and other less abundant compo-
nents, including structural proteins (Carpita and
Gibeaut, 1993). In dicotyledons, the predominant
hemicellulose is xyloglucan, and it is thought that
cellulose microfibrils are coated and tethered by a
framework of xyloglucan polymers (Hayashi, 1989;
McCann et al., 1990). Candidates for mediating
hemicellulose modification as a mechanism for cell
expansion include cellulase and xyloglucan endo-
transglycosylase, which have been associated with
rapidly expanding tissues (Fry, 1989; Fry et al.,
1992; Nishitani and Tominaga, 1992). Neither of
these classes of enzymes, however, appeared to
cause extension in an in vitro assay using isolated
cell walls (McQueen-Mason et al., 1992). Instead, a
class of proteins called expansins, which causes
cell-wall loosening in stress-relaxation assays, and
which lacks detectable hydrolytic or transglycosy-
lase activity has recently been identified (McQueen-
Mason et al., 1993; McQueen-Mason and Cosgrove,
1994, 1995). It has been proposed that expansins
disrupt noncovalent linkages, such as hydrogen
bonds, at the cellulose-hemicellulose interface,
thereby loosening an important constraint to
turgor-driven cell expansion (Cosgrove, 2000).

During fruit ripening, both the pectic and
hemicellulosic polymers generally undergo substan-
tial depolymerization and solubilization (Gross and
Wallner, 1979; Huber, 1983). Much research has
focused on pectin degradation, resulting from the
action of the ripening-related enzyme polygalac-
turonase as the key element underlying the soft-
ening process. Molecular genetic studies, however,
have revealed that this process is not the primary
determinant of fruit softening, but may determine
other aspects of fruit quality (Smith et al., 1988;
Giovannoni et al., 1989; Schuch et al., 1991).
Disassembly of the hemicellulose component of the
wall during ripening is common to most fruit,
although the extent varies between species and
most likely reflects the degradation of a mixture of
polysaccharides by multiple enzymes.

Expansins were originally considered to play a
role on elongation growth, and high levels of
expansin mRNAs have been detected in various
growing tissues, including hypocotyls, roots,
leaves, and young fruits (Shcherban et al., 1995;
Cho and Kende, 1997; Reinhardt et al., 1998; Catala
et al., 2000; Chen et al., 2001). However, in
addition to growing tissues, the expression of
expansin genes is also up-regulated in ripening
fruit, including tomato, peach, strawberry, and
pear (Rose et al., 1997; Civello et al., 1999;
Hayama et al., 2000; Harrison et al., 2001; Hiwasa
et al., 2003), where cell expansion does not occur,

suggesting a role for expansins in the cell wall
disassembly associated with fruit softening. It has
been proposed that ripening-associated expansins
might contribute to cell-wall degradation by
increasing the accessibility of other cell-wall
modifying proteins, such as the hydrolases PG or
EGase, to structurally important cell-wall polymers
(Rose and Bennett, 1999).

Grape berries are known to exhibit a double-
sigmoidal growth curve, and rapidly soften at the
beginning of the second growth cycle. The onset of
this rapid softening is called *"véraison” by viticul-
turists. Several researchers have reported changes
in cell-wall components of grape berries during
development and maturation. Yakushiji et al.
(2001) showed that the neutral and acidic sugar
contents of the pectin fraction decreased only after
véraison, while the neutral sugar content of the
hemicellulose decreased at véraison. Furthermore,
hemicellulosic xyloglucan was markedly depoly-
merized at véraison.

In a previous study, we used cDNAs isolated from
Kyoho grape berries to identify genes involved in cell
wall modification using a subtraction method (Ishi-
maru and Kobayashi, 2002). In this study, we isolated
the xyloglucan endo-transglycosylase (VXET 1) gene
and demonstrated that the expression patterns of
the VXET 1 gene are closely related to berry
softening at véraison. The work presented here
continues our investigation of cDNAs likely to be
involved in cell wall modification and fruit softening
identified from the subtraction method (Ishimaru
and Kobayashi, 2002). Here, we present the identi-
fication and characterization of three expansin
cDNAs. The sequence analysis, DNA gel blot analysis
and detailed expression profiles throughout fruit
development and in different tissues are presented.

Materials and methods
Plant material

Grape (Vitis labruscana cv. Kyoho) berries (flesh and
skin) from plants grown in a greenhouse, were harvested
at 2, 4 and 6 weeks after flowering (WAF). Berries were
collected at the stage just before véraison, at véraison
(about 7 WAF), when beginning to color (about 7 WAF),
when half-colored (8 WAF), when fully reddish purple (9
WAF), and when fully black/ripe (12 WAF). In grapes, the
onset of berry softening and color formation differ among
individual berries within a bunch and therefore includes
berries at various stages of development. For accurate
analysis of expansin gene expression at individual devel-
opmental stages, we collected berries at separate times
from the same bunches. The berries were immediately
frozen in liquid nitrogen and stored at —80° until use.
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Roots, tendrils, young leaves (expanded to about 6 cm),
flowers, and seeds were also collected from Kyoho vines.

Construction of a cDNA library and screening

To construct a cDNA library, we isolated total RNA from
mature berries (12 WAF, flesh and skin), according to
Loulakakis et al. (1996). mRNA was prepared using oligo
(dT)-Latex (Oligotex-dT30 super, Takara). Double-
stranded (ds) cDNA was synthesized from 5ug of mRNA
and ds cDNAs were cloned into a Uni-ZAP XR vector using
a ZAP-cDNA synthesis kit (Stratagene). To screen for
expansin clones, a partial-length cDNA of expansin
labeled with horseradish peroxidase using an ECL direct
nucleic acid labeling system (Amersham) was used as a
probe. The partial-length cDNA clone was isolated from a
subtractive library described previously (Ishimaru and
Kobayashi, 2002). The library was made by subtraction
between cDNAs from berries just before véraison and
those at véraison using a PCR-select cDNA subtraction kit
(Clonetech, USA). After subtraction, the remaining cDNAs
expected to be véraison-specific were cloned into a pCR Il
vector (Invitrogen). Two cDNA clones for expansin were
obtained by random sequencing, and one of them was
used as a probe to screen the cDNA library. Approxi-
mately 100,000 recombinant phages of the library,
packaged with a ZAP-cDNA Gigapack Il gold cloning kit
(Amersham), were screened. After a second round of
screening, positive clones were converted to pBluescript
phagemids and sequenced.

RNA and DNA gel blot analysis

For RNA gel blot analysis, 20 ug total RNA isolated from
the stored samples was separated by electrophoresis on

Signal Peptide

1.2% agarose gels containing 0.66 M formaldehyde and
transferred to Toropilon-Plus nylon membranes (Tropix).
The membranes were hybridized with probes labeled
with digoxigenin (DIG) using a PCR-DIG probe synthesis kit
(Roche Diagnostics). The 3’-untranslated regions from the
three expansin full-length cDNAs were used as gene-
specific probes. Blots were hybridized for 16 h at 50° in a
DIG Easy Hyb hybridization buffer (Roche Diagnostics),
washed twice in 2 SSC (150 mM NaCl and 15 mM tri-sodium
citrate, pH 7.0), 0.1% SDS at room temperature for 5min
each, and twice in 0.1 SSC, 0.1% SDS at 68° for 15 min.
Target RNA was detected according to the manufacturer’s
protocol (Roche Diagnostics).

For DNA gel blot analysis, 2.5 ug gDNA, isolated from
leaves according to the procedure of Kobayashi et al.
(1996), was digested with appropriate restriction en-
donucleases, separated by electrophoresis on a 1%
agarose gel in TAE (40 mM Tris-acetate, pH 8.0, 1mM
EDTA) buffer and transferred to nylon membranes. The
membranes were hybridized using the same probes used
for RNA gel blot analyses for 16 h at 42° in a DIG Easy Hyb
buffer. Membrane washing and detection of target DNA
was performed under the same conditions used for RNA
gel blot analysis.

Results

Identification and characterization of
expansin cDNAs

Cell-wall modification-related cDNA clones were
isolated from a subtractive library made by
subtraction between cDNAs from berries just
before véraison and those at véraison (Ishimaru
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Figure 1. Alignment of the deduced amino acid sequences of Vlexp1, 2 and 3. Dashes indicate gaps introduced for
maximal alignment. Conserved cysteine residues and tryptophan residues are indicated by crosses (+) and asterisks (*),

respectively. A black box indicates an HFD motif region.
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and Kobayashi, 2002). Two expansin homologues
(partial-length cDNAs) were isolated from the
subtractive library. Preliminary analysis of the
expression of one of the homologues was assessed
by RNA gel blot analysis during berry development.
Expression of the homolog was slightly detected
before véraison and markedly increased at vérai-
son, indicating that it was a promising candidate
for further study (data not shown).

To isolate full-length expansin cDNAs, a cDNA
library constructed from mature berries of Kyoho
was screened using the partial expansin cDNA from
the subtractive library. Three full-length cDNA
clones encoding three unique expansin open read-
ing frames (Vexp1, 2 and 3) were isolated from the
cDNA library (Fig. 1). The open reading frames
ranged from 246 to 252 amino acids, with predicted
molecular masses of 26.42-26.86kDa and a pl of
7.46-9.15 (Table 1). Using SignalP, the three
expansin open reading frames were predicted to
have signal sequences and the cleavage sites were
predicted to be at amino acid 20 or 25 (Table 1). In
addition, the three expansins described here
included several characteristics shared with pre-
viously identified expansins (Shcherban et al.,
1995; Link and Cosgrove, 1998): including eight
typical cysteine residues in the N-termini region of
the proteins, the HFD motif in the central region
and four tryptophan residues near the C-termini
region (Fig. 1).

Phylogenetic analysis

A phylogenetic tree was generated from the
deduced amino acid sequence alignment of the
three expansins and 26 other expansin homologs
(Fig. 2). Four distinct groups were identified (A, B,
C, and D), confirming a previous report by Link and
Cosgrove (1998). Vlexp2 and Vlexp3 aligned within
group B, which contains several expansin genes
that are expressed in ripe fruit, such as apricot
(PaExp1 and PaExp2), peach (PpExp1), sweet
cherry (PruavExp1), and strawberry (FaExp2).
Vlexp1 aligned to group C, which contains LeExp5
(expressed in immature fruit, flowers, and shoots of
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Figure 2. Phylogenetic comparison of expansin genes
using the deduced amino acid sequences of the complete
coding region. Alignments created by the UPGMA
clustering method based on amino acid sequence; CsExp1
(U30482), CsExp2 (U30460) from Cucumis sativus, LeExp1

(U82123), LeExp2 (AJ239068), LeExp3 (AF059487),
LeExp4 (AF059488), LeExp5 (AF059489), LeExp18
(AJO04997) from Lycopersicon esculentum, PaExp1

(U93167), PaExp2 (AF038815) from Prunus armeniaca,
PpExp1 (AB029083), PpExp2 (AB047518), PpExp3
(AB047519) from Prunus persica, FaExp2 (AF159563) from
Fragaria ananassa, PruavExp1 (AF297521), PruavExp2
(AF297522) from Prunus avium, OsExp1 (Y07782), OsExp2
(U30477), OsExp3 (U30479), OsExp4 (U85246) from Oriza
sativa, AtExp1 (U30476), AtExp6é (U30480) from Arabi-
dopsis thaliana, NtExp1 (AF049350), NtExp2 (AF049351),
NtExp3 (AF049352), NtExp4 (AF049353) from Nictiana
tabacum.

Table 1. Nucleotide and deduced amino acid sequences data on three expansin cDNAs identified in grape berry
Full length (bp) ORF (amino acid) M.W. (kDa) Pl DDBJ accession number

Vlexp-1 1245 246 26.42 9.15 AB104442

Vlexp-2 1280 252 26.72 8.02 AB104443

Vlexp-3 1175 252 26.86 7.46 AB104445

The theoretical molecular mass and pl were calculated using the ExPASy program.
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tomato) and PruavExp2 (expressed in ripening
sweet cherry fruit). No grape expansins aligned to
group A, which contains LeExp1 (shown to be
related to softening during ripening of tomato
fruit), and LeExp4 (expressed in immature fruit and
flowers of tomato).

DNA gel blot analysis

The gene-specific 3'untranslation regions (3' UTR)
of Vlexp1, 2 and 3 were used as probes (Vlexp1;
445 bp, Vlexp2; 380bp, Vlexp3; 365 bp, there are
no restriction site in these probes, which was used
to restrict enzyme) for DNA gel blot analyses to
determine the copy number of these genes in the
grape genome. Vlexp1 hybridized to multiple
fragments, suggesting that there is more than one
copy or that there is cross hybridization to other
expansin genes with nearly identical 3' UTR
sequences. Vlexp2 and Vlexp3 showed similar
hybridization patterns, however the intensity of
the bands differed. For example, the Hindlll digest
of Vlexp2 has 3 very faint bands and 2 sharp bands,
while the same digest for Vlexp3 resulted in 5
clearly detectable bands. Due to the results with
Vlexp2 and 3, cross-hybridization was assessed
among the cDNA probes and Vlexp2 and 3 were
found to slightly cross-hybridize to each other (data
not shown). The results suggest that Vlexp2 and 3
occur as single copy genes, but cross hybridize to
each other slightly under the conditions tested.

Expression profile of Vlexp1, 2 and 3

To examine the potential role of expansins in
berry development and maturation, Vlexp mRNA
levels were evaluated in berries at nine develop-
mental stages. Each Vlexp mRNA showed a unique
accumulation pattern during berry development
(Fig. 4). Vlexp1 mRNA was detected throughout all
the stages tested and accumulated to the greatest
degree in berries at véraison and at the half-
colored stage. Vlexp3 mRNA accumulation was
nearly identical to Vlexp1, except that no Viexp3
mRNA was detected at 2 WAF. Similarly, the Vlexp2
mMRNA was detected throughout berry development
and maturation; however, its level started to
increase at 4 WAF and continued to increase
through véraison. Interestingly, Vlexp2 mRNA accu-
mulated to a very high level before véraison and
increased even more as the berries matured. In
contrast to Vexp2, Vlexp1 and Vlexp3 mRNA levels
decreased during the later stages of maturation.

The expression patterns of the three expansin
genes in other tissues of Kyoho vines were also

examined (Fig. 5). Vlexp? mRNA was detected in
flowers, tendrils, and leaves, and Vlexp2 mRNA
accumulated in all tissues tested. Vlexp3 transcript
was not detected in the tissues examined and
therefore is likely to have fruit-specific expression.

Discussion

In grape berry softening, the rapid softening that
takes place during véraison has been carefully
studied in terms of changes in cell-wall components
and at the gene expression level. A previous study
suggested that the VXET1 gene plays a critical role
in berry softening at véraison in the Kyoho grape
(Ishimaru and Kobayashi, 2002). The deduced
amino acid sequence of VXET1 showed 73.5%
identity with the corresponding XET (NXG 1) from
nasturtium (Tropaeolum majus), which has been
shown to have endo-glucanase activity. We sug-
gested that the VXETT product cleaves the cellu-
lose—xyloglucan network of the cell wall and may
play a role in softening of Kyoho grape berries at
véraison.

In this study, we isolated three expansin cDNA
clones (Vlexp1, 2, and 3) from mature grape
berries. It is well known that expansins are encoded
by a large multigene family in all plants reported to
date. Based on phylogenetic analysis and shared
intron patterns, expansins have been classified into
three subfamilies, o, f, and y-expansins (Li et al.,
2002). Vlexp1, 2 and 3 belong to the «-expansin
subfamily. In Arabidopsis, 38 expansin genes have
been reported (Whitney et al., 2000), and 12
expansin genes have been identified in tomato. In
addition, six expansin clones were isolated from
strawberry (Civello et al., 1999; Harrison et al.,
2001), seven from pear (Hiwasa et al., 2003), and
three from peach (Hayama et al., 2000) and their
expression patterns were characterized. DNA gel
blot analysis of the grape expansin genes revealed
unique patterns for each of the three specific
probes (Fig. 3). The pattern of Vlexp2 and Viexp3
were similar. However, differences in the expres-
sion patterns of Vlexp2 and Vlexp3 confirm that
they are different genes (Fig. 5). Observations from
work carried out in our laboratory suggest that
there are at least ten expansin genes in the grape
vine (data not shown).

RNA gel blot analysis was performed to char-
acterize the expression patterns of the three
expansin genes in berries at various developmental
stages and in several tissues. There were essen-
tially two expression patterns in berries for
Vlexp genes: 1) expression increased with berry
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Figure 3. DNA gel blot analysis. Genomic DNA (5 ug per
lane) was digested with the indicated restriction en-
zymes. Gel blots were hybridized with DIG-labeled
probes prepared from the 3’-untranslation region of each
expansin cDNA.

development up to the half-colored stage and then
decreased until the mature stage (Vlexp? and
Vlexp3) and 2) expression increased strongly before
véraison, peaked at véraison and remained at high
levels to the maturation stage (Vlexp2).

Expansins are cell-wall-localized proteins that
induce loosening of isolated plant cell walls in
vitro in a pH-dependent manner, but exhibit no
detectable hydrolase or transglycosylase activity
(McQueen-Mason et al., 1993; McQueen-Mason and
Cosgrove, 1994, 1995). Based on biochemical and
biophysical evidence, expansins have been sug-
gested to bind at the interface between cellulose
microfibrils and matrix polysaccharides in the cell
wall, disrupting hydrogen bonds within this poly-
meric network (McQueen-Mason and Cosgrove,
1994, 1995). Additional in vitro studies suggested
that expansins act on the cellulose-xyloglucan
framework (Brummell et al., 1999), although it
has not been established that this represents the
site of action in vivo. Furthermore, Brummell et al.
(1999) showed that altering expansin expression in
transgenic tomato fruit affected fruit firmness.
Expansins have been proposed to regulate the
accessibility of cell-wall-degradation enzymes to
their polymer substrates in a model in which
synergistic enzyme action is probably crucial for
coordinated cell-wall disassembly in both growing
vegetative tissues and ripening fruit (Rose and
Bennett 1999). Hiwasa et al. (2003) observed that
two pear PG genes were expressed in a similar
pattern to that of four ripening-related expansin
genes during pear fruit ripening and suggested that
PG might act cooperatively with expansin to

H R M

Figure 4. RNA gel blot analysis. Changes in the accumu-
lation of three expansin genes during grape berry
development and maturation. Total RNA (10 ug per lane)
was separated by electrophoresis and transferred to
nylon membranes. The membrane was hybridized with a
DIG-labeled probe made using the 3’-untranslated region
for each expansin cDNA. Capital letters indicate the
stages (2, 4 and 6; 2, 4 and 6 weeks after flowering, B;
just before véraison, V; at véraison (about 7 WAF), S;
beginning to color (about 7 WAF), H; half-colored
(8 WAF), R; fully reddish purple (9 WAF), M; fully black/
ripe (12 WAF). A vertical dotted line means that the fruit
softening just started. Ethidium bromide stained gel prior
to blotting is shown below the blot as an approximate
loading control.

diminish the firmness of the fruit. In peach fruit,
Hayama et al. (2000) also suggested that the
transcript of PG mRNA was induced simultaneously
with PpExp3 in “Manami” fruit, which showed a
reduction in firmness.

In Kyoho grape berries, Yakushiji et al. (2001)
examined the change in cell-wall components and
their molecular weights during berry softening.
They reported that neutral and acidic sugar levels
of the pectin fraction decreased only after the
véraison stage, while the neutral sugar content of
the hemicellulose fraction decreased at véraison.
The cellulose content constantly decreased during
berry softening, but a large decrease was observed
at véraison. They also showed that the molecular
masses of pectic and hemicellulosic polysacchar-
ides began to decrease before véraison and
up to véraison. In particular, hemicellulosic xylo-
glucan was markedly depolymerized from before
véraison to véraison. Among all of the genes,
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coding for cell-wall-modifying enzymes, we identi-
fied from our subtractive libraries (Ishimaru and
Kobayashi, 2002), we observed that only the
xyloglucan endo-transglycosylase (XET) gene is
expressed in a similar manner to Vlexp2 (Fig. 4).
Therefore, the cooperative expression of Viexp2
and possibly Vlexp1 and 3 with the XET gene may
play an important role in grape berry softening
before and at véraison (Fig. 5).

Vlexp1, which belongs to the phylogenetic tree
subgroup C, was detected at an early growing stage
when berries enlarge by cell division. In addition to
Vlexp1, the expression of Vlexp2, which belongs
to subgroup B, was also observed at an early
growing stage. Interestingly, Vlexp? and Vlexp2
were expressed at high levels in leaves, tendrils,
roots, flowers, and seeds, although no expression of
Vlexp1 was detected in roots and seeds. This result
suggests that these genes may be correlated with
cell division and/or cell expansion. The possibility
that these expansin genes play a role in fruit
softening cannot be eliminated, when the poten-
tially synergistic action of expansins is taken into
consideration. However, it is more likely that these
genes have a general role in cell wall modification
during fruit development and maturation.

Vlexp 3

Figure 5. RNA gel blot analysis of various tissues of
Kyoho vines. Total RNA from leaves (L), tendrils (T), roots
(R), flowers (F), and seeds (S) were used. The membrane
was hybridized with a DIG-labeled probe made using the
3'-untranslated region for each expansin cDNA. Ethidium
bromide stained gel prior to blotting is shown below the
blot as an approximate loading control.

The findings obtained in this study show that at
least three expansin genes are associated with
berry development and maturation. The Vlexp2
product may be closely related to berry softening
at véraison; it is plausible that VXET 1 and Vlexp3
products work synergistically and cleave the cellu-
lose—xyloglucan network of the cell wall and
contribute to softening of Kyoho grape berries
at véraison. Further, analysis using transgenic
plants with altered Vlexp expression may help to
elucidate the role(s) of expansin in grape berry
softening.

Acknowledgements

We are grateful to Dr. R. Nakaune of the
Department of Grape and Persimmon Research,
National Institute of Fruit Tree Science, for valu-
able advice throughout this work. We additionally
acknowledge T. Nakasumi for technical assistance.

References

Brummell DA, Harpster MH, Civello PM, Palys JM, Bennett
AB, Dunsmuir P. Modification of expansin protein
abundance in tomato fruit alters softening and cell
wall polymer metabolism during ripening. Plant Cell
1999;11:2203-16.

Carpita NC, Gibeaut DM. Structural models of primary
cell walls in flowering plants: consistency of molecular
structure with the physical properties of the walls
during growing. Plant J 1993;3:1-30.

Catala C, Rose JKC, Bennett AB. Auxin-regulated genes
encoding cell wall modifying proteins are expressed
during early tomato fruit growth. Plant Physiol
2000;122:527-34.

Chen F, Dahal P, Bradford KJ. Two tomato expansin genes
show divergent expression and localization in embryos
during seed development and germination. Plant
Physiol 2001;127:928-36.

Cho HT, Kende H. Expression of expansin genes is
correlated with growth deepwater rice. Plant Cell
1997;9:1661-71.

Civello PM, Powell ALT, Sabehat A, Bennett AB. An
expansin gene expressed in ripening strawberry fruit.
Plant Physiol 1999;121:1273-9.

Cosgrove DJ. Loosening of plant cell walls by expansins.
Nature 2000;407:321-6.

Fry SC. The structure and functions of xyloglucan. J Exp
Bot 1989;40:1-11.

Fry SC, Smith RC, Renwick KF, Martin DJ, Hodge SK,
Matthews KJ. Xyloglucan endotransglycosylase, a new
wall-loosening enzyme activity from plants. Biochem J
1992;282:821-8.

Giovannoni JJ, DellaPenna D, Bennett AB, Fischer RL.
Expression of a chimeric polygalacturonase gene in



1682

M. Ishimaru et al.

transgenic rin (ripening inhibitor) tomato fruit results
in polyuronide degradation but not fruit softening.
Plant Cell 1989;1:53-63.

Gross KC, Wallner SJ. Degradation of cell wall poly-
saccharides during tomato fruit ripening. Plant Physiol
1979;63:117-20.

Harrison EP, McQueen-Mason SJ, Manning K. Expression of
six expansin genes in relation to extension activity in
developing strawberry fruit. J Exp Bot 2001;52:1437-46.

Hayama H, Shimada T, Haji T, Ito A, Kashimura Y, Yoshioka
H. Molecular cloning of a ripening-related expansin
cDNA in peach: evidence for no relationship between
expansin accumulation and change in fruit firmness
during storage. J Plant Physiol 2000;157:567-73.

Hayashi T. Xyloglucans in the primary cell wall. Annu Rev
Plant Physiol Plant Mol Biol 1989;40:139-68.

Hiwasa K, Rose JKC, Nakano R, Inaba A, Kubo Y.
Differential expression of seven [-expansin genes
during growth and ripening of pear fruit. Physiol Plant
2003;117:564-72.

Huber DJ. Polyuronide degradation and hemicellulose
modifications in ripening tomato fruit. J Am Soc Hort
Sci 1983;108:405-9.

Ishimaru M, Kobayashi S. Expression of a xyloglucan endo-
transglycosylase gene is closely related to grape berry
softening. Plant Sci 2002;162:621-8.

Kobayashi S, Nakamura Y, Kaneyoshi J, Higo H, Higo K.
Transformation of kiwifruit (Actinidia chinensis) and
trifoliate orange (Poncirus trifoliata) with a synthetic
gene encoding the human epidermal growth factor
(hEGF). J Jpn Soc Hort Sci 1996;64:763-9.

Li Y, Darley CP, Ongaro V, Fleming A, Schipper O, Baldauf
SL, et al. Plant expansins are a complex multigene
family with an ancient evolutionary origin. Plant
Physiol 2002;128:854-64.

Link BM, Cosgrove DJ. Acid-growth response and
0-expansins in suspension cultures of bright yellow 2
tobacco. Plant Physiol 1998;118:907-16.

Loulakakis KA, Roubelakis-Angelakis KA, Kanellis AK.
Isolation of functional RNA from grapevine tissues
poor in nucleic acid content. Am J Enol Vitic 1996;
47:181-5.

McCann MC, Wells B, Roberts K. Direct visualization of
cross-links in the primary plant cell wall. J Cell Sci
1990;96:323-34.

McQueen-Mason S, Cosgrove DJ. Disruption of hydrogen
bonding between plant cell wall polymers by proteins

that induce wall extension. Proc Natl Acad Sci USA
1994;91:6574-8.

McQueen-Mason S, Cosgrove DJ. Expansin mode of action
on cell walls: analysis of wall hydrolysis, stress
relaxation, and binding. Plant Physiol 1995;107:
87-100.

McQueen-Mason S, Durachko DM, Cosgrove DJ. Two
endogenous proteins that induce cell wall extension
in plants. Plant Cell 1992;4:1425-33.

McQueen-Mason S, Fry SC, Durachko DM, Cosgrove DJ.
The relationship between xyloglucan endotransglyco-
sylase and in vitro cell wall extension in cucumber
hypocotyls. Planta 1993;190:327-31.

Nishitani K, Tominaga R. Endo-xyloglucan transferase, a
novel class of glycosyltransferase that catalyzes
transfer of a segment of xyloglucan molecule to
another xyloglucan molecule. J Biol Chem 1992;267:
21058-64.

Reinhardt D, Wittwer F, Mandel T, Kuhlemeier C.
Localized upregulation of a new expansin gene
predicts the site of leaf formation in the tomato
meristem. Plant Cell 1998;10:1427-37.

Rose JKC, Bennett AB. Cooperative disassembly of the
cellulose—xyloglucan network of plant cell walls:
parallels between cell expansion and fruit ripening.
Trends Plant Sci 1999;4:176-83.

Rose JKC, Lee HH, Bennett AB. Expression of a divergent
expansin gene is fruit-specific and ripening-regulated.
Proc Natl Acad Sci USA 1997;94:5955-60.

Schuch W, Kanczler J, Robertson D, Hobson G, Tucker G,
Grierson D, et al. Fruit quality characteristic of
transgenic tomato fruit with altered polygalacturo-
nase activity. Hortscience 1991;26:1517-20.

Shcherban TY, Shi J, Durachko DM, Guiltinan MJ,
McQueen-Mason SJ, Shieh M, et al. Molecular cloning
and sequence analysis of expansins, a highly con-
served, multigene family of proteins that mediate cell
wall extension in plant. Proc Natl Acad Sci USA
1995;92:9245-9.

Smith CJ, Watson CF, Ray J, Bird CR, Morris PC, Schuch W,
et al. Antisense RNA inhibition of polygalacturonase
gene expression in transgenic tomatoes. Nature
1988;334:724-6.

Yakushiji H, Sakurai N, Morinaga K. Changes in cell-
wall polysaccharides from the mesocarp of grape
berries during veraison. Physiol Plant 2001;111:
188-95.



	Expression of three expansin genes during development and maturation of Kyoho �grape berries
	Introduction
	Materials and methods
	Plant material
	Construction of a cDNA library and screening
	RNA and DNA gel blot analysis

	Results
	Identification and characterization of expansin cDNAs
	Phylogenetic analysis
	DNA gel blot analysis
	Expression profile of Vlexp1, 2 and 3

	Discussion
	Acknowledgements
	References


